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Abstract The C8 to C18 fatty acid methyl esters (FAME) have been compared as solvents
for two epoxy resin pre-polymers, bisphenol A diglycidyl ether (DGEBA) and triglycidyl p-
aminophenol ether (TGPA). It was found that the solubilization limits vary according to the
ester and that methyl caprylate is the best solvent of both resins. To explain these solubility
performances, physical and chemical properties of FAME were studied, such as the Hansen
parameters, viscosity, binary diffusion coefficient and vaporization enthalpy. Determination
of the physicochemical parameters of FAME was carried out by laboratory experimenta-
tions and by calculation from bibliographic data. The Hansen parameters of FAME and
epoxy resins pre-polymers were theoretically and experimentally determined. The FAME
chain length showed a long dependence on the binary diffusion parameters and kinematic
viscosity, which are mass and momentum transport properties. Moreover, the vaporization
enthalpy of these compounds was directly correlated with the solubilization limits.
Keywords Biosolvents, FAME · Epoxy · Resins · Surface cleaning · Physicochemical
parameters · Hansen parameters · Dipole moment
1 Introduction
In recent years, more and more constraining environmental regulations have been adopted
to limit the use of industrial solvents like methyl ethyl ketone, perchloroethylene and other
halogenated solvents responsible for VOC emission and greenhouse gas production. As a
result, biosolvents have attracted more attention as alternatives to these commonly used
solvents [1, 2].
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Fig. 1 a Bisphenol A diglycidyl ether (DGBA); b triglycidyl p-aminophenol ether (TGPA)
Fatty acid methyl esters (FAME) are considered to be environmentally friendly bio-
solvents due to their high biodegradability, their low toxicity, their low vapor pressure and
non-inflammability [3, 4]. These remarkable characteristics encouraged us to study their
performances as alternative solvents for epoxy resins pre-polymers.
Epoxy resins pre-polymers are widely used in industry as basic monomers for the produc-
tion of two major polymers: epoxy resins and polycarbonates. These polymers are used in
several industrial sectors such as the petrochemical and energy fields, packaging, restoring,
panels and composites, adhesives, sealants and the ship building industry. These applications
involve cleaning of manufacturing and conditioning materials using common solvents like
acetone and methyl ethyl ketone. This study deals with the cleaning of bisphenol A digly-
cidyl ether (DGEBA) and triglycidyl p-aminophenol ether (TGPA) from metal surfaces by
using fatty acid methyl esters.
Chemical structures of the pre-polymers tested in this study are shown on Fig. 1. With the
aim of explaining the observed solubility behavior, the Hansen solubility parameters were
first determined for the epoxy resin pre-polymers and the fatty C8 to C18 acid methyl esters.
In the thermodynamics of solutions, the Hansen solubility parameters have been conve-
niently used to estimate the solubility or miscibility between two compounds [5, 6]. These
parameters are frequently applied to formulations of products in cosmetics, paints or poly-
mer blends [7].
Hansen has extended the theory developed by Hildebrand to polar and associated com-
pounds by dividing the solubility parameter (δ) into several partial parameters [3, 4]. The
first parameter, δd, is related to dispersion forces, the second one, δp, to polar forces, and the
last one, δh, to specific interaction forces (such as hydrogen bonding, acid/base interactions,
etc.).
Actually, the δp parameter takes into account dipole–dipole, dipole–induced dipole and
charge–dipole interactions between the molecules, whereas δd takes into account all the
non-specific interaction forces between molecules.
These three parameters are connected to a total parameter δ (similar to the Hildebrand
parameter) through Eq. 1.
δ2 = δ2d + δ2p + δ2h (1)
The Hansen parameters were experimentally determined as follows. Solubility tests were
conducted with epoxy resin pre-polymers and FAME in 40 solvents. These results were
used to generate the Hansen solubility sphere and to obtain the solubility parameters, desig-
nated by the center of the sphere. Theoretical Hansen parameters were obtained by a group
contribution method [8]. Other physicochemical parameters, such as the binary diffusion
parameters, kinematic viscosities and vaporization enthalpies (for the cohesion energy be-
tween solvent molecules) were used to explain the performances of these solvents.
2 Experimental Section
Bisphenol A diglycidyl ether (99%), triglycidyl p-aminophenol ether (99%) and the fatty
acid methyl esters were furnished by Sigma and were used without further purification.
Tests of solubility were performed as follows. Epoxy resins were solubilized in the C8–
C18 methyl esters at 50 ◦C until saturation was reached. These solutions were placed at
25 ◦C for 48 hrs and the supernatants were then analyzed with the aid of an HPLC apparatus
equipped with a UV detector (at a wavelength of 250 nm).
Forty well-known solvents [8] were used for determination of the Hansen parameters
of methyl esters and epoxy resin pre-polymers. Tests of the solubilization of DGEBA and
TGPA in FAME were carried out at 25 ◦C at the ratio 50/50 v/v. Solubilization parameters
of these solvents were placed into Hansen’s three-dimensional space in order to differentiate
their solubilizing capability.
A program created on Matlab was used to determine the center and radius of Hansen’s








where δxP is the Hansen parameter of the compound (x = dispersion, polar or hydrogen
bonding), δxS is the Hansen parameter of the solvent capable of solubilizing the compound
(x = dispersion, polar or hydrogen bonding), R is the solubility sphere radius, N is the
number of solvents (N = 40 in the present study).
As can be seen from Eq. 3, the Hansen sphere radius is the distance from the center of
the sphere to the farthest solvent capable of solubilizing the studied compound.
Thus, the sphere encloses all the solvents capable of solubilizing the compound, where
the solvents incapable of solubilizing it are located outside the sphere. The calculation pro-
gram also allowed superposition of the spheres.
The dynamic viscosities of FAME were measured by using a controlled stress CSL 100
CARRIMED rheometer at 20 ◦C.
The binary diffusion parameters of epoxy resins in methyl esters were calculated using
the Wilke-Chang equation [7] and are related to the FAME hydrocarbon chain length.
To assess the cohesion energies between solvent molecules, the FAME vaporization en-
thalpies were measured using a Perkin Elmer calorimeter.
DFT (Density Functional Theory) calculations were performed on the DGEBA and
TGPA molecules. In this study, the exchange part of the functional was treated with Becke’s
three-parameter function (B3) [10]. The correlation part is described by the Lee, Yang and
Parr function (LYP) that includes both local and non-local terms [11]. The so-called B3LYP
function has proven suitable for describing such systems. The C, N, O and H atoms are
treated with the D95 full DZ basis set (LANL2DZ) [12].
All structures presented here were fully optimized using conjugate gradient methods
without constrains, and the GAUSSIAN 03 software package [13]. The optimization step
was followed by a Mulliken population analysis of the atomic charge and spin density on
each atom. The DFT calculations allowed estimation of the dipolar moments of DGEBA
and TGPA as the first derivative of the energy with respect to an applied electric field. The
stationary points found by the geometry optimization were characterized as minima by com-
putation of the Hessian matrix.
3 Results and Discussion
Concentrations of the saturated solutions of the two prepolymers in FAME are presented in
Table 1. These results show that the concentration at the saturation point decreases as the
hydrocarbon chain length increases. Only methyl oleate showed a non-typical behavior due
to the specific interactions conferred by mono-undersaturation. Methyl palmitate and methyl
stearate (C16 and C18) were not tested due to them being solid at ambient temperature.
Hansen’s spheres for DGEBA and TGPA and their experimental solubility parameters
are shown in Fig. 2. As can be observed, δd and δp are very similar for both pre-polymers.
The differences between the two values are too small to explain the solubility differences,
even if δh has a higher value for DGEBA. The solubility sphere radius for DGEBA is almost
twice that of TGPA, which means that DGEBA is solubilized by a larger number of solvent
molecules compared to the TGPA prepolymer.
Two superpositions of the FAME and pre-polymers solubility spheres are shown in Fig. 3.
The resin spheres are systematically included in the FAME spheres, which means, according
to Hansen’s theory, both pre-polymers should be completely solubilized by the tested fatty
acid methyl esters. However, total solubilization is not observed experimentally.
Table 1 Concentrations of DGEBA and TGPA in FAME saturated solutions (concentrations in units of
g·ml−1, ±0.01)
1 2 3 4 5
Methyl Methyl Methyl Methyl Methyl
caprylate laurate myristate oleate linoleate
(C8) (C12) (C14) (C18:1) (C18:2)
DGEBA 0.58 0.20 0.08 0.14 0.05
TGPA 0.57 0.10 0.04 0.08 0.06
Fig. 2 Hansen’s spheres and solubility parameters for DGEBA (a) and TGPA (b)
Fig. 3 Superposition of FAME
sphere with the inner sphere of
DGEBA (a) and TGPA (b)
Finally, the forty solvents that were used to determine the experimental Hansen parame-
ters do not allow discrimination between the chain length of the esters.
The fatty acid methyl esters studied represent a range of hydrocarbon chain lengths, from
C8 to C18, which should confer different polar and dispersion parameter values for each
ester. Nevertheless, the experimental method used to obtain FAME Hansen parameters leads
to similar values for δp, δd and δh of the FAME. Therefore, it was interesting to test the group
contribution method proposed by Krevelen [14] to calculate Hansen parameters (Table 2).
Small differences were obtained for the theoretical Hansen solubility parameter values
as the hydrocarbon chain length of the fatty acid methyl esters increases. As expected, the
polar parameter (δp) of methyl esters is very low, in contrast with the high δp values of both
resins. Moreover, the polar parameter of FAME changes little with alkyl chain length, as the
dipole moment of FAME molecules mainly results from the dipole moment of the carbonyl
group [15–19].
The hydrogen bonding parameter (δh) of fatty acid methyl esters has a low value due
to the low capacity of the molecules to participate in hydrogen bonding. Actually, the two
oxygen atoms of the ester functional group and the absence of an electropositive hydrogen














Methyl caprylate 16.58 2.4 5.85 13.09 13.09
Methyl laurate 16.54 2.06 5.43 13.53 13.55
Methyl myristate 16.51 1.81 5.08 13.88 13.90
Methyl palmitate 16.48 1.61 4.8 14.16 14.19
Methyl stearate 16.46 1.45 4.56 14.40 14.43
Methyl oleate 16.45 1.49 4.61 14.35 14.38
Methyl linoleate 16.45 1.53 4.67 14.29 14.32
Bisphenol A 21.9 13.58 10.09 – –
Diglycidyl ether
Triglycidyl 22.84 12.69 10.98 – –
p-aminophenol ether
atom within the molecule are not favorable for hydrogen bonding. Among the Hansen pa-
rameters, the dispersion parameter values (δd) proved to be the most important attractive
factor for FAME and resins molecules. These interactions arise from induced dipoles and
their strength is related to the polarizabilities of the molecules. In our case, both prepoly-
mers present highly polarizable aromatic rings that are reflected by the high values of δd. In
the case of FAMES, the polarizabilities of the molecule are close no matter the alkyl chain
length, which explains the observed small effect on δd.
Distances between the sphere centers of the FAME/resins showed a small increase with
the ester hydrocarbon length chain. Among the liquid FAMEs, methyl oleate and methyl
linoleate show the longest distances.
As can be observed in Fig. 4, a correlation exists between the solubility sphere centers and
the solubility limits, including for the undersaturated FAME. For both resins, a solubilization
decrease is observed as the distance between the spheres centers increases. Data provided
by Hansen theory are thus representative of the experimental solubility results according to
the obtained correlation curve.
Figure 5 relates solubilization limits versus the dynamic viscosity of FAME. Viscosity is
a property associated with local friction between moving molecules. As can be observed in
Fig. 5, the kinematic viscosity of FAME increases as the solubility limit diminishes. This
phenomenon can be explained by the steric hindrance of long (solvent) molecules, which
inhibits the motion of these molecules from solvent bulk to the pre-polymer surface where
solubilization takes place.
Solubilization limits as a function of the binary diffusion coefficients are presented on
Fig. 6.
According to the correlation, high binary diffusion coefficients contribute to a better sol-
ubilization of DGEBA and TGPA in FAME. As known, binary diffusion coefficients are
lower for molecules with longer hydrocarbon chain lengths. Solubilization is thus favored
for short FAME molecules.
The pre-polymer concentrations at solution saturation are shown on Fig. 7 as a function
of the vaporization enthalpy. Esters with the lowest evaporation enthalpy showed the high-
Fig. 4 Concentration at
saturation as a function of
distance between the FAME and
pre-polymer solubility spheres
centers: 1, methyl caprylate; 2,
methyl laurate; 3, methyl
myristate; 4, methyl oleate; 5,
methyl linoleate
Fig. 5 Concentration of
saturated solutions of DGEBA
and TGPA in FAME as a function
of the dynamic viscosities of
FAME: 1, methyl caprylate; 2,
methyl laurate; 3, methyl
myristate; 4, methyl oleate; 5,
methyl linoleate
est concentrations of solubilized pre-polymer. This behavior is a consequence of the direct
correlation between evaporation enthalpy and cohesion energy between molecules. Strong
solvent–solvent interactions penalize solvent–solute interactions, resulting in a decrease of
solubility.
DFT calculations were performed for the TGPA and DGEBA molecules. The optimized
geometry of each molecule is presented in Fig. 8. Some geometrical parameters are also
presented (bond lengths in Å, angles in degree). The two branches of the DGEBA molecule
are geometrically similar with a C1–C2–C3 angle equal to 110.2◦. For the TGPA compound,
the ternary amino function is nearly planar (dihedral angle = −5.3◦). This figure shows a
larger steric hindrance for TGPA than for the DGEBA pre-polymer. The DGEBA molecule
thus has a more accessible surface for FAME molecules, which means that DGEBA will be
more easily solvated by FAME molecules compared to TGPA.
Moreover, these calculations gave the highest dipole moments for TGPA (μ = 6.55 D)
and for DGEBA (μ = 5.14 D), compared to values for methyl esters that are close to 1 D
[20]. This result is in agreement with the polar parameters δp obtained with Hansen’s theory.
Fig. 6 Concentration of
saturated solutions of DGEBA
and TGPA in FAME as a function
of the binary diffusion
coefficient: 1, methyl caprylate;
2, methyl laurate; 3, methyl
myristate; 4, methyl oleate; 5,
methyl linoleate
Fig. 7 Concentration at
saturation as a function of
evaporation enthalpy for
solutions of DGEBA and TGPA
in FAME: 1, methyl caprylate; 2;
methyl laurate; 3, methyl
myristate; 4, methyl oleate; 5,
methyl linoleate
The difference between dipole moments [μ(resine) − μ(ester)] is at a minimum for
DGEBA, which corresponds to the better affinity between DGEBA and FAME and to the
highest solubility limits for this resin.
Consequently, we can conclude that both the polarity and spatial configurations of pre-
polymer molecules are involved in the process of solubilization.
4 Conclusion
FAME Hansen parameters determined by experimentation showed no variation with the
increase of hydrocarbon chain length. Nevertheless, the Hansen parameters determined by
the group contribution method are shown to be capable of taking into consideration the
hydrocarbon chain length contributions from the polarizability and dipole moment.
Fig. 8 Spatial representation of
pre-polymer molecules according
to B3LYP/LANL2DZ
calculations: a bisphenol A
diglycidyl ether (DGEBA); and b
triglycidyl p-aminophenol ether
(TGPA)
It was found that the distance between the solubility spheres is a parameter that can be
correlated to the experimental solubility limits for the tested FAME series.
Moreover, the solubilization of DGEBA and TGPA presents a good correlation with the
solvent vaporization enthalpy, the FAME kinematic viscosity and the binary diffusion co-
efficient, which are properties representative of the cohesion energy between solvent mole-
cules. Complete solubilization is observed for DGEBA and TGPA in methyl caprylate as
the solvent, and corresponds to favorable conditions of mass and momentum transport and
solvent–solvent molecule interactions. The decrease of solubility rates with the methyl ester
hydrocarbon chain length increment can be explained by the increase of cohesion energy
between solvent molecules and the diminution of mass transport properties due to binary
diffusion coefficients and solvent viscosities.
DFT calculations have shown a greater dipolar moment for TGPA than for DGEBA and
some steric hindrance in the TGPA molecule, which tend to explain the higher solubility for
DGEBA.
The obtained results and the properties of long-chain vegetal esters encourage further
research about environmentally friendly alternative solvents.
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